Abstract-A 60-GHz coplanar waveguide (CPW)-fed post-supported patch antenna is presented using micromachining technology. In the proposed structure, the radiating patch and the feed line network can be optimized separately with a substrate. The antenna performance is improved by elevating the patch in the air. A patch array antenna is also designed with a simple feed network. The fabricated antenna shows broad band characteristics such as 10 dB bandwidth of 4.3 GHz from 58.7 GHz to 64.5 GHz in the single patch antenna and 8.7 GHz from 56.3 GHz to 65 GHz in 2 1 patch array antenna.
I. INTRODUCTION
A S THE demands of high data rates are increased, millimeter wave communication systems such as 60-GHz wireless local-area networks (LANs) have been getting a lot of attention [1] - [3] . At mm-wave frequency, horn antenna is generally used due to its high performance, but it is very bulky, heavy, and high cost. Moreover, the transition of waveguideto-microstrip transition is needed to interconnect with monolithic microwave integrated circuits (MMICs). It is difficult to fabricate the transition, as the additional losses of the transition reduce the transmitting output power and degrade the noise figure of the receiver directly because the transition is in front of the low noise amplifier (LNA). Microstrip patch antenna is widely used at low frequency on a printed circuit board (PCB) substrate because it can be implemented with low profile, low weight, and low cost. However, it shows poor performance due to high substrate losses and low radiation efficiency at mm-wave frequency. Thus, it can not be applied well at mm-wave frequency.
Recently, as micromachining technology is developed, it is applied to the antenna to improve the performance [4] - [7] . Usually, two kinds of MEMS antenna structures are reported. One is a MEMS antenna supported with a thin membrane, the other is a MEMS aperture coupled antenna. In the case of a membrane supported patch antenna, because the substrate under the patch is etched out, the substrate losses of the antenna can be reduced. Also, since the dielectric constant under the patch is almost the same with the air, the radiation efficiency can be improved. However, the delicate substrate etching has to be performed because the substrate etching affects the antenna performance seriously at mm-wave frequency. Moreover, because the input impedance of the patch is very high, the impedance transformer (such as the 1/4 impedance transformer) is required to match the impedance. When it fabricated as a patch array antenna, the feed line and the impedance transformer become very complex and furthermore unwanted radiation from the feed network readily occurred. Thus, the radiation efficiency of a patch antenna is degraded. In the case of a MEMS aperture coupled antenna, because the feed line network and the radiation patch are implemented at the different substrates, the feed line network and the radiation patch can be optimized at the same time [8] . In other words, the radiating patch can be formed on the substrate with low dielectric constant and the feed line on the substrate with high dielectric constant. However, since it uses two substrates, two substrates have to be aligned exactly to achieve good performance. It is very difficult to align the substrates exactly and small misalignment results in large performance degradation at mm-wave frequency.
In this letter, a CPW-fed post-supported patch antenna using micromachining technology, which does not require substrate alignment or substrate etching, is presented at a mm-wave frequency of 60 GHz.
II. PROPOSED ANTENNA STRUCTURE
The structure of the proposed antenna is shown in Fig. 1 . As shown in Fig. 1 , the antenna is comprised of CPW feed line, a feeding post, two supporting posts, and a radiating patch. In the proposed antenna, the CPW line is used as a feed line. The CPW line shows better performance than the microstrip line at mm-wave frequency. Because the ground planes are located in the vicinity of the signal line, the electromagnetic 1531-1309/$20.00 © 2005 IEEE field can be guided better. Moreover, the geometry as the characteristic impedance is fixed in microstrip transmission line depending on the substrate properties and thus it can be difficult to implement microstrip line on some substrates, especially semiconductor substrates, at mm-wave frequency. However, in the case of CPW line, because the width of the signal line and the gap between the signal line and the ground can be adjusted having the same characteristic impedance, the proper geometry of CPW line can be selected. Also, back side via hole and substrate lapping process is not required in CPW line [9] , [10] . Moreover, the ground planes are placed on the same surface of the signal line in CPW line. Therefore, when the patch is supported with a feeding post like coaxial probe feeding method, the ground planes of CPW feed line can be used as a ground plane of the radiating patch as shown in Fig. 1 . The CPW feed line is on the substrate with high dielectric constant, but the radiating patch is formed on the air. Therefore, the radiating patch and the feed line can be optimized separately in the proposed antenna-like aperture coupled antenna. Because the patch is supported with metal posts on the air, there are no dielectric losses and thus the performance of the antenna can be improved. Also, the proposed antenna can be implemented on a single substrate and thus it does not require the accurate alignment of the substrates like aperture coupled antenna. Since it does not require substrate alignment or substrate etching, it is expected that it becomes the better candidate in manufacturing mm-wave antennas.
In the proposed antenna, the patch is supported with a feeding post and two additional supporting posts which are used just to support the patch more robustly. Because two additional posts are located at the virtual ground of the patch which is the center of E-plane, the additional supporting posts do not affect the electric performance of the antenna. When it is designed as a patch array antenna, it can be designed easily with a simple feed line network. Because an appropriate input impedance of the patch antenna can be selected by locating feeding post as shown in (1), which is the same with coaxial probe feeding method, the antenna can be directly matched to various input impedance. Thus, the 1/4 impedance transformer which is used in the edge feeding method is not required.
( 1) where is conductance at the radiating edge, is mutual conductance between the radiating edges, is the distance from the radiating edge, and is the propagation constant [11] .
Moreover, the proposed antenna is easily integrated with MMICs such as VCOs and power amplifiers because no additional transitions, which are required in a horn antenna, are needed. Therefore, a single chip millimeter wave system including the antenna can be achieved, which has a very compact size, low cost, and high performance.
III. DESIGN AND FABRICATION OF THE ANTENNA
The proposed antenna is designed and optimized with a three-dimensional (3-D) EM simulator of CST Microwave Studio 4.3. A single patch antenna is directly matched with a 50-CPW feed line to a 50-input impedance which is the impedance of the measurement setup. Fig. 2 shows the designed 2 1 patch array antenna. The two patches are separated with the distance of 0.8 in which the antenna shows high gain property. As shown in Fig. 2 , the input impedance of each patch is selected to 100 to design without 1/4 impedance transformer which is required in edge-fed patch antenna. Two patches are fed with a 100-CPW line and then two 100-CPW lines are combined with a 50-CPW line directly. Because there is no impedance transformer, the patch array antenna can be designed simply and minimize the discontinuities of the feed line which occur, such as the unwanted radiation. The simulated antenna gain and radiation efficiency of single patch antenna are 8.7 dBi and 96% at 60 GHz, respectively. In the case of a 2 1 patch array antenna, the simulated antenna gain and the radiation efficiency are 9.9 dBi and 94%, respectively. CPW-fed post-supported MEMS antenna is fabricated on the glass substrate of Corning 7740 which has the substrate thickness of 800 m and the dielectric constant of 4.6. The copper is used for metallization. At first, the bottom seed metal of Ti/Cu is evaporated. The feed line of the antenna is patterned with the thick photoresist of AZ9260 and then electroplated with copper of 10-m thickness. After removing the photoresist, two-step coating process is performed to form the posts of the antenna with the thick photoresist of THB151N. The first coating is performed on the substrate with the thickness of about 100 m and then the posts are patterned with UV exposure and the development of photoresist. The posts are electroplated with copper, which are the almost filled by the thickness of 100 m. After the posts with the thickness of 100 m are formed, the second coating is performed with the same thickness of the first coating or 100 m. The posts are electroplated with copper which has the thickness of 100 m. The total thickness of THB151N is about 200 m which is the height of the posts. After the post is formed, the seed metal of Cu is evaporated to form the radiating patch. The photoresist of AZ9260 is coated and patterned to make the radiating patch and then it is electroplated with copper of 10 m thickness. After the radiating patch is formed, AZ9260 is developed and the seed metal of the radiating patch is etched with Cu etchant and then THB151N is stripped. When THB151N is removed completely, the seed metal of feed line is removed clearly. Finally, the proposed MEMS antenna is formed, which is supported by the posts with the thickness of 200 m. The whole fabrication process is compatible with commercial CMOS process. Fig. 3 shows the SEM image of the fabricated antenna. The size of 2 1 patch array antenna is 6.2 mm 4.2 mm and the radiating patch is 2.21 mm 2.21 mm.
IV. MEASUREMENT RESULTS
Input return losses of the fabricated antenna are measured with Anritsu broadband vector network analyzer of ME7808A. All the measurement is performed on-wafer measurement on Karl Suss probe station. Fig. 4 shows the simulated and measured results of input return losses of the fabricated single patch antenna. 10 dB bandwidth of the antenna is 5.8 GHz from 58.7 GHz to 64.5 GHz. Fig. 5 shows the simulated and measured results of input return losses of 2 1 patch array antenna.
10 dB bandwidth of the antenna is 8.7 GHz from 56.3 GHz to 65 GHz. All the measurement results agree well with the simulation results. 
V. CONCLUSION
We have designed and fabricated a 60-GHz CPW-fed postsupported patch array antenna using micromachining technology which is fully compatible with commercial CMOS process. The proposed antenna allows optimizations of the radiating patch and the feed line, respectively, on a substrate. Because the antenna is supported in the air, it shows broadband characteristics. Also, 2 1 patch array antenna without 1/4 impedance transformer is designed with a simple feed network. Because the proposed antenna allows the integration with MMICs, it can be applied for the system on a chip (SOC) including an antenna at mm-wave frequency.
